The serotonin transporter (SERT) is important for reuptake of the neurotransmitter serotonin from the synaptic cleft and is also the target of most antidepressants. It has previously been shown that cholesterol in the membrane bilayer affects the conformation of SERT. Although recent crystal structures have identified several potential cholesterol-binding sites, it is unclear whether any of these potential cholesterol sites are occupied by cholesterol and functionally relevant. In the present study, we focus on the conserved cholesterol site 1 (CHOL1) located in a hydrophobic groove between TM1a, TM5, and TM7. By molecular dynamics simulations, we demonstrate a strong binding of cholesterol to CHOL1 in a membrane bilayer environment. In biochemical experiments, we find that cholesterol depletion induces a more inward-facing conformation favoring substrate analog binding. Consistent with this, we find that mutations in CHOL1 with a negative impact on cholesterol binding induce a more inward-facing conformation, and, vice versa, mutations with a positive impact on cholesterol binding induce a more outward-facing conformation. This shift in transporter conformation dictated by the ability to bind cholesterol in CHOL1 affects the apparent substrate affinity, maximum transport velocity, and turnover rates. Taken together, we show that occupation of CHOL1 by cholesterol is of major importance in the transporter conformational equilibrium, which in turn dictates ligand potency and serotonin transport activity. Based on our findings, we propose a mechanistic model that incorporates the role of cholesterol binding to CHOL1 in the function of SERT.
get the human serotonin transporter (hSERT), 3 where they act as competitive inhibitors, which reduces serotonin reuptake from the synaptic cleft.
The activity of hSERT can also be modulated by other mechanisms. As a transmembrane protein that undergoes considerable conformational changes to translocate Na ϩ , Cl Ϫ , and serotonin across the membrane, the transporter is most likely sensitive to the physiochemical characteristics of the surrounding membrane as well as specific interactions with particular lipids.
Despite only accounting for 2% of the total body mass, the human brain contains ϳ23% of the total cholesterol in the body (1) , making cholesterol the most abundant cell membrane component in the brain. Cholesterol is very important to brain development as well as neuronal function and synaptogenesis (2) . Much of brain cholesterol is found in myelin sheaths, where it is crucial for function (3) , but cholesterol is also enriched in the plasma membrane in general compared with other cellular compartments (4) and especially in synapses (5) , where endo-and exocytosis (6) events are dependent on cholesterol and occur along with cholesterol-dependent receptor-mediated signaling (7, 8) and transmembrane transport of neurotransmitters.
Although cholesterol is enriched in specific sphingomyelin-rich microdomains with unique biophysical properties, so-called lipid rafts, cholesterol is also distributed heterogeneously in the plasma membrane (9) , and therefore interaction between membrane protein and cholesterol is also possible independent of lipid raft association.
A role for cholesterol in modulating ligand binding to SERT has earlier been described (10) , but it remains an open question whether that is caused by an indirect biophysical effect due to partitioning of the transporter into cholesterol-rich membrane microdomains (11) or via a direct interaction between trans-porter and sterol, potentially utilizing a specific cholesterolbinding site.
A conformational effect of cholesterol on dopamine transporter (DAT) conformation and mobility has also been demonstrated (12) (13) (14) , and for hSERT, we have shown a conformational effect of depleting membrane cholesterol on transporter conformation in an intricate interplay with substrate-induced conformational changes (15) . Specifically, we have previously shown that cholesterol depletion shifts the conformational equilibrium of hSERT toward a more inward-facing conformation (15) .
In crystal structures of the Drosophila dopamine transporter (dDAT), Gouaux and co-workers found first a cholesterol site (CHOL1) (16) and later a cholesterol hemisuccinate site (CHOL2) (17) and, last, a cholesterol hemisuccinate site in hSERT (CHOL3) (18) , which may well also be a bona fide cholesterol site.
The location of CHOL1 at the interface between the scaffold (TM5) and the conformationally flexible bundle (TM1a and TM7) (19) (see Fig. 1 ) makes it an interesting candidate as a specific cholesterol-binding site that modulates the conformational dynamics of the transporters. TM1a is of particular interest in the conformational role of cholesterol because this region has been shown to undergo large conformational changes in LeuT and MhsT during the transition from outward-facing to inward-facing conformation (20 -24) . Similarly, TM5 has been shown to line the intracellular permeation pathway in SERT and be more accessible in the inward-facing conformation (25, 26) and may also respond to cholesterol binding at CHOL1 with a conformational change. TM7 is part of the conformationally mobile bundle consisting of TM1-2 and TM6 -7 and may move in concert with TM1a relative to TM5. CHOL1 is a shallow hydrophobic cavity facing the inner leaflet of the membrane (Fig. 1A) .
The main hypotheses in the current study are therefore as follows: 1) a cholesterol molecule bound to CHOL1 is responsible for the conformational effect of cholesterol on hSERT and 2) this conformational effect of cholesterol is crucial for transporter function.
We decided to test the hypothesis that cholesterol bound to the site lined by TM1a, TM5, and TM7 is responsible for a conformational effect of cholesterol by introducing mutations in this cholesterol site and determining the effect of these mutations on the conformation and function of hSERT and by per- Figure 1 . A, cholesterol is bound to a hydrophobic pocket in the membrane layer on dDAT. The dDAT structure (16) (PDB code 4M48) is viewed in the plane of the membrane bilayer with the protein surface within 7 Å of cholesterol (light brown) shown as either gray (hydrophobic), red (partial negative charge), or blue (partial positive charge). B, higher evolutionary conservation of the cholesterol site relative to the surrounding transmembrane protein surface suggests a functional role of cholesterol binding. 38 DAT, SERT, and NET sequences from 26 mammalian, four insect, three avian, two fish, and two nematode monoamine transporter proteins were aligned using ClustalW, and the resulting alignment was used to color-code the surface of the dDAT structure (PDB code 4M48) (16) using the ConSurf server (http://consurf.tau.ac.il/2016/) (Please note that the JBC is not responsible for the longterm archiving and maintenance of this site or any other third party hosted site.) (46) with the most conserved residues in magenta, moderately conserved residues in gray, and least conserved residues in turquoise. Cholesterol is shown in light brown. C, the cholesterol site in the dDAT structure (PDB code 4M48) (16) is lined by conserved hydrophobic residues from TM1a (purple), TM5 (blue), and TM7 (green). The corresponding residues in hSERT (PDB code 5I73) are shown in turquoise. Cholesterol is shown in light brown.
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forming molecular dynamics simulations to study the occupancy of specific cholesterol sites by cholesterol.
Molecular dynamics simulations indicate that CHOL1 is a highly occupied binding site for cholesterol in a lipid environment. Furthermore, we find that mutations in the cholesterol site shift the conformational equilibrium in a predictable pattern. We also find that this shift in conformation by mutation of the cholesterol site is accompanied by a simultaneous shift in apparent substrate affinity and velocity that closely mirrors the extent and direction of the conformational change induced by mutating CHOL1. Overall, we find that cholesterol binding to CHOL1 lined by TM1a, TM5, and TM7 stabilizes the outwardfacing conformation, which accelerates serotonin uptake, and that cholesterol dissociation from this site results in a more inward-facing conformation, which impedes serotonin uptake. These findings point to cholesterol binding to CHOL1 as an important modulator of hSERT transport activity and ligand potency.
Results

Cholesterol depletion with methyl-␤-cyclodextrin (M␤CD) shifts the conformation of hSERT
We first established the Amplex Red method for quantifying membrane cholesterol (Fig. 2B ). The use of M␤CD has been the preferred method for manipulating the plasma membrane cholesterol content to study the effect on monoamine transporter function, usually removing cholesterol from both raft and nonraft domains (27) . M␤CD depleted cholesterol from HEK-293-MSR membranes in a dose-dependent manner (Fig. 2C ).
To measure conformational changes in hSERT, we relied on the hSERT_C5X_S277C construct described earlier (15, 19) expressed in HEK-293-MSR cells. Crude membranes with the construct were subjected to a conformation-dependent inactivation with 2-aminoethyl methanethiosulfonate (MTSEA), where [ 125 I]RTI-55 binding was subsequently used to quantify remaining active transporter. We found that increased cholesterol depletion increased MTSEA sensitivity ( Fig. 2D ), reflecting an increased accessibility of S277C and thus a more inward- Figure 2 . A, numbering scheme for the 27 carbon atoms and four sterane rings in cholesterol. B, cholesterol content is quantified using the Amplex Red method. Total content of cholesterol in the membranes is calculated from the linear standard curve. AU, arbitrary units. C, depletion of cholesterol from membranes can be achieved with the cyclodextrin, M␤CD. Crude membranes from HEK-293-MSR cells transiently transfected with the WT-like construct hSERT_C5X_S277C are exposed to increasing concentrations of M␤CD to deplete membrane cholesterol. A dose-dependent depletion of cholesterol in response to M␤CD is observed. D, depletion of membrane cholesterol shifts the conformational equilibrium toward a more inward-facing conformation. Membranes were subjected to cholesterol depletion followed by incubation with the cysteine-specific reagent MTSEA. If the conformational equilibrium is shifted toward a more inward-facing conformation where the intracellular pathway is exposed, MTSEA will be more reactive to S277C. The reaction of MTSEA causes inactivation of hSERT, which is measured by a reduction in [ 125 I]RTI-55 binding. The IC 50 of MTSEA represents the reactivity of hSERT S277C, and thus a leftward shift of the curve represents a more inward-facing conformation. These results are similar to what we have described previously in Bjerregaard et al. (15) . E, the conformational equilibrium of hSERT as measured by MTSEA IC 50 is linearly dependent on the cholesterol content of the membrane. The remaining membrane cholesterol in the membranes used in C is quantified using the Amplex Red method (see Fig.  2 , B and C), and the conformation is measured using the SCAM assay (see Fig.  2D ). Shown in B and C are a single representative experiment of three independent experiments. Shown in E are aggregate data from three independent experiments. All points represent mean values, and error bars represent S.E.
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facing conformation of hSERT. The conformation of hSERT (represented by MTSEA IC 50 ) is linearly dependent on membrane cholesterol ( Fig. 2E ).
Cholesterol depletion does not alter equilibrium binding of RTI-55 in hSERT WT and hSERT_C5X_S277C
Confident that we had a reliable system for cholesterol depletion and quantification of SERT conformation, we proceeded to test whether the hSERT_C5X_S277C construct behaved pharmacologically similar to hSERT WT when subjected to cholesterol depletion. To do so, we subjected the hSERT_C5X_S277C construct along with hSERT WT to cholesterol depletion with M␤CD followed by a radioligand equilibrium binding experiment ( Fig. 3 ).
We found that cholesterol depletion did not induce any statistically significant changes in the parameters for RTI-55 equilibrium binding to either hSERT WT or hSERT_C5X_S277C ( Fig. 3 ). We therefore conclude that hSERT_C5X_S277C is a valid model of hSERT WT in cholesterol depletion and RTI-55 binding.
Cholesterol depletion primarily increases the potency of ligands that induce an inward-facing conformation
Previous studies on SERT and DAT have reported moderate changes in ligand affinity or inhibitor potency after cholesterol depletion as a result of conformational changes. We hypothesized that if cholesterol depletion favored a more inward-facing conformation, then the potency of ligands that bind to or induce an inward-facing conformation (i.e. serotonin, ibogaine, and noribogaine) would probably increase in potency. Indeed, in an equilibrium binding competition experiment with [ 125 I]RTI-55 as the radioligand, we observed a dose-dependent increase in potency of serotonin (5-HT), ibogaine, and noribogaine at increasing concentrations of M␤CD ( Fig. 4 , A-C).
For ligands that are believed to bind to an outward-facing conformation (e.g. imipramine, S-citalopram, and cocaine) (28), we observed no significant changes in potency except for cocaine inhibition of RTI-55 binding to hSERT WT after treatment with 20 mg/ml M␤CD ( Fig. 4C) , similar to what has been described by others (13) .
We also observed very similar responses in hSERT WT and hSERT_C5X_S277C ( Fig. 4C ), again supporting that hSERT_C5X_S277C is a valid model of hSERT WT in studying ligand binding as a result of conformational changes induced by cholesterol depletion.
Cholesterol binding to site 1 of hSERT in a biological membrane environment
We hypothesized that cholesterol binding to CHOL1 may be responsible for the conformational effect of cholesterol on hSERT. To qualify whether CHOL1 is indeed a bona fide cholesterol site, we performed a molecular dynamics simulation of hSERT in a POPC/CHOL lipid bilayer with a 4:1 molecular ratio. We used the Martini coarse-grain (CG) force field to model the system (29) . The simplification of the interactions, while keeping close to atomistic resolution, allowed us to sample time scales relevant to the study of lipid-protein interactions (30, 31) . The volume map of cholesterol density extracted from the CG molecular dynamics (CGMD) simulation indicates that cholesterol preferentially visits a few "hot spots" on the surface of hSERT ( Fig. 5a ). Most notably, we found high cholesterol densities in the region around TM1. Two of these densities correspond to CHOL1 (TM1/TM5) and CHOL2 (TM2/TM7) described previously in the dDAT crystal structure ( Fig. 5b ) (17) . These results demonstrate that the binding of cholesterol at the TM1/TM5/TM7 interface is relevant for hSERT in biological membranes. The details of the other cholesterol-binding sites go beyond the scope of the present paper but have been described by us in a recent related paper (58) .
Mutations in cholesterol site 1 affect hSERT conformation
If cholesterol binding to the site lined by TM1a, TM5, and TM7 stabilizes the outward-facing conformation and, vice versa, if cholesterol dissociation from this site stabilizes a more inward-facing conformation, then mutations that weaken cholesterol binding would result in a more inward-facing conformation, and conversely, mutations improving cholesterol affinity would result in a more outward-facing conformation.
To study conformational changes, we introduced all CHOL1 mutants in the hSERT_C5X_S277C background and isolated crude membranes from cells expressing these mutants. Using the substituted cysteine accessibility method (SCAM) assay, both before and after cholesterol depletion, we were able to determine the conformational effect of the CHOL1 mutants and the conformational effect of cholesterol depletion on these mutants ( Fig. 6 ). We chose the mutants based on the structure of dDAT (16) with cholesterol (PDB code 4M48) and hSERT (18) (PDB code 5I73) (see Fig. 1C ).
Val-86 is located in TM1a at the bottom of the cholesterol site but at 5.4 Å, most likely too far from cholesterol to interact directly (Fig. 1C ). Nevertheless, we wanted to see whether introduction of a potential hydrogen-bonding partner for the cholesterol hydroxyl group by the V86S mutation would increase cholesterol affinity and result in a shift toward a more outward-facing conformation. Although we see a minor shift of the conformation in this direction as a consequence of the mutation, it is not significantly different from that observed for 
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the WT or V86A and suggests that Val-86 is too distant from cholesterol for mutations to affect cholesterol affinity.
Leu-89 interacts with the A-ring of the cyclic sterane substructure in cholesterol with 3.7 Å between the dDAT Leu-37 (corresponding to hSERT Leu-89) side chain and C4 of cholesterol (Fig. 1C ). The almost isosteric L89N mutation primarily introduces polarity in this region, which we predict would repel the hydrophobic sterane substructure of cholesterol and weaken cholesterol binding. Indeed, this mutation results in the largest shift of the conformational equilibrium among the mutants, and the shift is, as predicted, toward a more inwardfacing conformation, similar to the conformational effect of depleting cholesterol. On the other hand, the L89V mutation was intended as a relatively neutral mutation that shortens the side chain by a single methylene, thus possibly decreasing the ability to interact favorably with cholesterol slightly but not introducing any repulsion as such. As expected, we observed a blunted conformational effect of the mutation relative to L89N and that L89V did not introduce any conformational change that is significantly different from the WT.
Leu-90 lines the hydrophobic groove utilized by cholesterol and is located on the hydrophobic face of the sterane substructure only 4.2 Å from the C19 methyl group of cholesterol ( Fig.  1C ). Similar to the two mutations in Leu-89, we expect that introducing polarity in the form of the L90N mutation or weakening the hydrophobic interaction by retracting the side chain of Leu-90 in the form of the L90V mutation would result in a more inward-facing conformation if cholesterol binding to CHOL1 is responsible for the conformational effect of cholesterol. As expected, we observed that both mutations resulted in a significantly more inward-facing conformation, consistent with our hypothesis that cholesterol induces a more outwardfacing conformation when bound to CHOL1.
The aromatic part of Tyr-289 is facing cholesterol at a distance of 4.6 Å, but at the same time, the hydroxyl group of the tyrosine appears to form a hydrogen bond to Thr-371 ( Fig. 1C ). No mutations can address the role of Tyr-289 in interacting with cholesterol without simultaneously affecting the hydrogen bond to Thr-371. However, we were also interested in studying the potential role of this evolutionarily conserved hydrogen bond between Tyr-289 and Thr-371 in the conformational equilibrium of hSERT because it may be important when the bundle and Thr-371 move relative to the scaffold and Tyr-289. This hydrogen bond is accessible via the Y289F and T371A mutations, and the prediction would be that disrupting the (18)) with the cholesterol molecules as found in the dDAT crystal structure (17) .
hydrogen bond by either mutation could possibly facilitate the transition to an inward-facing conformation. We did not observe any conformational effect of the Y289F mutation, but we did observe a more inward-facing conformation for T371A ( Fig. 6) . A conformational effect from only one of the mutations but not both points to a negligible role of breaking the hydrogen bond in the conformational equilibrium, but the conservation of the two residues may instead suggest a role in the folding of the transporter. T371A would appear to be too distant from cholesterol to coordinate it directly (Fig. 1C ), but aside from its hydrogen bond to Tyr-289, it also forms a hydrogen bond to the backbone carbonyl of Val-367 one helix turn away and may to some extent line up Val-367 to interact favorably with the B and D cycles in cholesterol. Indeed, as expected, we do observe that introducing polarity via the mutation V367N does result in a more inward-facing conformation ( Fig. 6 ) consistent with decreased cholesterol binding and an ensuing shift in conformation relative to WT or the control V367A. Alternatively, T371A could also destabilize Tyr-289 and thereby indirectly destabilize cholesterol binding.
In the dDAT structure, the isooctyl tail of cholesterol is nestled between Leu-276 (hSERT Leu-292), Leu-277 (hSERT Ser-293), Leu-280 (hSERT Leu-296), and Ile-358 (hSERT Val-374) (see Fig. 1C ). It is obvious that the two diverging residues in hSERT will result in a larger and less hydrophobic cavity than in dDAT. However, the inherent flexibility of the cholesterol isooctyl tail makes it difficult to disrupt the binding of cholesterol by mutations in this region. The side chain of dDAT Leu-277 at 4.3 Å and dDAT Ile-358 at 3.8 Å from the cholesterol tail are the nearest possible points of interaction. When mutating the corresponding hSERT Ser-293 and Val-374 to alanine, we observe no effect of the V374A mutation on conformation but a significant effect of the S293A mutation on conformation (Fig.  6 ). The hydrophilic side chain of Ser-293 is expected to be less favorable than the alanine for interacting with the cholesterol alkane tail. Thus, the significantly more outward-facing conformation that we observe for S293A is fully consistent with creating a better cholesterol site and the bound cholesterol to stabilize an outward-facing conformation.
We were also curious whether cholesterol depletion would affect the CHOL1 mutants to a different extent than WT. In general, depletion of cholesterol with 20 mg/ml M␤CD produces the same conformational shift toward a more inwardfacing conformation as seen for WT except for L90N ( Fig. 6B ), which appears to be significantly less sensitive to cholesterol depletion than the WT-like hSERT_C5X_S277C reference construct ( Fig. 6B ). This may reflect the fact that cholesterol binding is already compromised, consistent with the findings above.
The conformational changes induced by mutations of CHOL1 result in altered transport kinetics
hSERT relies on large conformational changes to translocate serotonin and complete the transport cycle. Thus, the conformational equilibrium and the transport function are intimately linked for hSERT.
We hypothesize that the conformational changes in the CHOL1 mutants should translate directly to altered transport velocity, V max , by combining three observations. First, the ratelimiting step in the transport cycle is the return step from inward-facing to outward-facing (32, 33) . Second, cholesterol binding pushes the conformational equilibrium of SERT Figure 6 . Mutation of the cholesterol site affects the overall conformation of hSERT. A, the impact of mutating the cholesterol site on the conformational equilibrium is measured using the SCAM method. Of the mutations predicted to possibly improve cholesterol binding (V86S and S293A), only S293A induces a more outward-facing conformation. Of the mutations predicted to interfere negatively with cholesterol binding (L89N, L89V, L90N , L90V, and V367N), all but L89V induce a significantly more inward-facing conformation. B, the conformational impact of depleting cholesterol from the membranes using 20 mg/ml M␤CD on the different mutants is measured using the SCAM method. The conformational response of all mutants to cholesterol depletion is similar to WT, except for L90N, which appears to be significantly less conformationally sensitive to cholesterol depletion. All mutations are introduced in the WT-like hSERT_C5X_S277C background and expressed in HEK-293-MSR cells by transient transfection. Upon isolation of crude membranes, the mutants are subjected to MTSEA inactivation followed by quantification of residual binding of [ 125 I]RTI-55. Statistical analysis of mutant conformational change relative to the WT-like reference hSERT_C5X_S277C performed with a one-way ANOVA with Dunnett's test to compare with WT. Significance levels are p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***). Bars, mean values from at least three independent experiments; error bars, S.E.
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toward a more outward-facing conformation. Third, cholesterol depletion pushes the conformation of SERT to a more inward-facing conformation, as we have shown above. Therefore, we hypothesized that if CHOL1 is the cholesterol site important for the functional modulation by cholesterol, then the conformational changes for the CHOL1 mutants should mimic cholesterol binding and unbinding, which would translate directly to altered transport velocity, V max . Specifically, if cholesterol binding to CHOL1 is the main determinant of how cholesterol affects hSERT conformation, we expect that the mutants interfering negatively with cholesterol binding should also have decreased V max and that the mutants interfering positively with cholesterol binding should have increased V max .
To test this hypothesis, we subjected a subset of our CHOL1 mutants spanning the spectrum of conformational changes observed to K m /V max determinations (Fig. 7) in serotonin uptake experiments in transiently transfected HEK-293-MSR cells. As predicted, we found that V max of the mutants mirrors the conformation of the CHOL1 mutants; inward-facing mutants are slower and outward-facing mutants are faster (Fig.  7C ). Perhaps surprisingly, the apparent substrate affinity is also changed in the same way as the transport rates; inward-facing Figure 7 . Manipulation of cholesterol binding by mutation of the cholesterol-binding site CHOL1 modulates transporter conformation, which in turn changes apparent substrate affinity, transport rates, and turnover rates. A, representative K m /V max experiment of WT hSERT and two cholesterol site mutants that either have a more outward-facing (S293A) or more inward-facing (L89N) conformation. The apparent transport affinity for 5-HT (B) and maximum transport rate (C) are significantly modulated by mutations in the cholesterol-binding site. D, cell-surface expression levels of hSERT cholesterol site mutants are determined using biotinylation of proteins expressed on the cell surface followed by avidin purification and Western blotting with an anti-hSERT antibody to quantify relative hSERT cell-surface expression levels. Depicted is a representative biotinylation experiment of five independent experiments. E, correlation plot of K m , V max , and relative turnover rates as a function of conformation of the individual mutants shows that reductions in K m are closely mirrored by similar reduction in V max and turnover rate, suggesting that all three are modulated as a result of the same mutational effect. Both K m and V max of individual mutants correlate with the conformation of the mutants as measured by the SCAM method (see Fig. 6A ). When the relative turnover rate is computed by correction of V max with the cell-surface expression levels from D, an identical trend is observed for the turnover rate, pointing to cholesterol occupation of hSERT cholesterol site 1 as a principal modulator of hSERT functional kinetics. Linear regression analysis (the curved lines are a result of logarithmic transformation of the x axis) shows that all lines have a slope that is significantly non-zero (p Ͻ 0.016) and cannot identify any statistically significant difference between linear fits for K m , V max , or turnover rate as a function of mutant conformation. Points in A are mean values of quadruplicate determinations from a representative experiment. Bars/points in B, C, and E represent mean values from at least three independent experiments. Error bars, S.E. in A and S.D. in B, C, and E. Statistical analysis of mutant transport kinetic parameters relative to hSERT WT in B and C is performed with a one-way ANOVA with Dunnett's test to compare with WT. Significance levels are p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***).
mutants have lower K m , and outward-facing mutants have higher K m (Fig. 7B ), suggesting that also apparent substrate affinity is to a large extent a product of conformation.
When plotting the transport rate or apparent substrate affinity as a function of conformation, the points are almost identical (Fig. 7E) . Importantly, in a linear regression analysis, the regression lines of K m and V max are not significantly different (Fig. 7E ) from each other, and both have slopes that are significantly non-zero (p ϭ 0.0052 and 0.016, respectively). These clear correlations suggest that both kinetic parameters, K m and V max , are dictated by the conformation, which again is dictated by cholesterol binding to CHOL1.
The decrease in V max could be a result of either decreased turnover or simply compromised surface expression of the CHOL1 mutants. We performed biotinylation of surface proteins to control for surface expression levels (Fig. 7D) . When using the surface expression levels to convert V max to relative turnover rates, we find that the strong correlation between conformation and the kinetic parameters, V max and K m , is also mirrored in the turnover rate (Fig. 7E ). In conclusion, we observe that all three kinetic parameters, V max , K m , and turnover rate, are dictated by the conformational equilibrium, which again is dictated by cholesterol binding to CHOL1.
Discussion
Cholesterol distribution in the neuronal membrane is heterogeneous and enriched in the axon of the mature neuron (34) with a particular high concentration in synapses (35) . Antidepressants also appear to concentrate in the cholesterol-rich microdomains (36) . Therefore, neuronal proteins modulated by cholesterol are likely to display different functional and pharmacological characteristics, depending on their location on the neuronal surface, which again enables fine-tuning of protein activity by controlled trafficking to certain membrane regions.
It has been known for long that the GABA transporter, GAT-1, requires cholesterol to remain active in the synapse (37) or after reconstitution (38) . The dopamine transporter and hSERT have been shown to distribute between two different membrane environments in living cells, one with free lateral diffusion and one with restricted diffusion that is also enriched in cholesterol and gangliosides (14, 39) , where the latter domain is most likely identical to or reminiscent of the so-called "lipid rafts" that have been shown to contain both hDAT (12) and hSERT (11) .
Different ligands induce different conformations in hSERT; therefore, their potency may be modulated differently by the conformational changes induced by cholesterol. We show here that cholesterol depletion increases the affinity of substrate analogs, which induce the inward-facing conformation, but we are unable to show a statistically significant change in potency for the antidepressants imipramine and S-citalopram, which are known to induce an outward-facing conformation (18, 28) . This partially conflicts with the findings of Scanlon et al. (10) , who observed first a decrease in S-citalopram affinity when depleting cholesterol with moderate concentrations of M␤CD, whereas at very high concentrations of M␤CD, they also observed a decrease in maximum binding. These differ-ences may arise from the use of different species of SERT, where we employ the human SERT and Scanlon et al. (10) employ the rat SERT.
Similarly, the affinity of RTI-55 appears to be unaffected by cholesterol depletion, similar to what has been shown for CFT affinity for DAT (12) . However, the inhibitor, cocaine, has been shown to induce a more outward-facing conformation than imipramine (28) , and for cocaine, we do observe a significant increase in potency against hSERT that appears to rely on cholesterol content of the membrane in a dose-dependent manner similar to what has been observed for hDAT (13) . The notion that cholesterol binding can directly affect inhibitor potency has been supported in preclinical studies, where systemic depletion of cholesterol by treatment with lovastatin, a statin that crosses the blood-brain barrier (40) , augmented fluoxetine efficacy (41) . Also, roles for both cholesterol and sphingolipid homeostasis in psychiatric disorders have been noted (42, 43) .
Recent crystal structures of SERT (18) and dDAT (16) identified cholesterol or cholesterol analogs binding to the membrane-embedded periphery of the transporters, but although these studies provide excellent structural information about potential cholesterol-binding sites, it is not possible to determine whether these cholesterol analogs are merely crystallization by-products or whether their binding sites are of any functional relevance. For example, in hSERT, a cholesteryl hemisuccinate molecule was identified next to the extracellular part of TM12 (CHOL3), which has demonstrated little functional importance. Drosophila DAT was found to bind a cholesteryl hemisuccinate molecule in a shallow crevice lined by TM2, TM7, and TM11 (CHOL2), and a cholesterol molecule partially burrowed in a deeper crevice (CHOL1) formed by the intracellular parts of TM1, TM5, and TM7 (16) . Because these latter three helices have also been proposed to be part of the most flexible regions of hSERT (19, 20) , we hypothesized that the conformational modulation exerted by cholesterol on monoamine transporters could be via direct binding to CHOL1.
Initial bioinformatics analysis showed that the residues lining CHOL1 appear to exhibit a higher degree of evolutionary conservation than what is generally observed for the protein face within the lipid bilayer (Fig. 1B) . This evolutionary selection pressure for maintaining the properties of this protein interface indicates a functional role of this region, namely cholesterol binding to this specific site.
First, we studied whether these cholesterol sites were likely to be occupied by cholesterol in a native membrane environment. In coarse-grained molecular dynamics simulations, we found that cholesterol can occupy both CHOL1 and CHOL2 but found CHOL1 to be more occupied in agreement with a recent molecular dynamics study (58) .
Second, we performed a mutational analysis of CHOL1. We aimed to produce either isosteric mutations that would change the hydrophobicity of the cholesterol site or mutations that would disrupt potential hydrogen bonds. We find that the conformational consequences of cholesterol binding and unbinding to CHOL1 are profound. With a series of mutations that were predicted to compromise cholesterol binding, we obtained a conformational phenotype, a more inward-facing conformation, identical to the one obtained when depleting Cholesterol site in hSERT cholesterol, consistent with the notion that the inward-facing conformation of hSERT is more likely when CHOL1 is empty. Conversely, the S293A mutation predicted to improve cholesterol binding to CHOL1 produced the opposite conformational phenotype, a more outward-facing conformation, consistent with the notion that cholesterol binding to CHOL1 stabilizes an outward-facing conformation. From these observations, we conclude that cholesterol binding to CHOL1 induces a more outward-facing conformation and cholesterol unbinding from CHOL1 induces a more inward-facing conformation in hSERT.
Furthermore, the observation that the S293A mutation favoring cholesterol binding can obtain a more outward-facing conformation than WT hSERT suggests that under native conditions, the CHOL1 in WT hSERT is not fully saturated with cholesterol; thus, a subpopulation of transporters do not have cholesterol bound to CHOL1. This is an important realization because it indicates a delicate equilibrium for cholesterol binding and unbinding to CHOL1 with a resulting dynamic probability for conformational transitions depending on cholesterol occupation of CHOL1. This hypothesis points to an interesting dynamic role for cholesterol in the fundamental function of hSERT, which we decided to probe by establishing a relationship between cholesterol binding, conformational transitions, and 5-HT uptake kinetic parameters.
It has been shown earlier that cholesterol depletion affects cellular uptake of serotonin or dopamine negatively (10, 14) . However, a number of reasons for this observation are possible, and it is unclear to what extent it is attributable to indirect effects of cholesterol by changing the biophysical properties of the cell membrane or through a direct effect of cholesterol on monoamine transporter function because uptake assays on cholesterol-depleted live cells may be inherently compromised by permeabilization of the membrane and/or viability and adherence issues for the cells. For example, selectively removing cholesterol from the membrane with saponin leaves large holes behind that would obviously affect radiotracer flux assays negatively (44) .
In our uptake assays, we have left the membrane cholesterol concentration and membrane biophysical properties untouched but emulated the effect of lower cholesterol concentrations by mutating the CHOL1. We observe that the mutations in CHOL1 that are able to shift the conformational equilibrium also affect uptake velocity and apparent substrate affinity in a predictable and systematic manner; mutations that compromise cholesterol binding to CHOL1 produce more inward-facing transporters that are slow but with increased apparent substrate affinity, whereas mutations that favor cholesterol binding produce outward-facing transporters that are faster but with decreased apparent substrate affinity (Fig. 7E) .
It is noteworthy that there is such a clear correlation between turnover rates, V max , and K m (Fig. 7E) , and it strongly suggests that these parameters are mirrored readouts caused by the same phenomenon; in transporters where the mutations are located far from the substrate site and there is a strong correlation with conformation ( Fig. 7E) , the conformation appears as the most likely cause for these changes in transport kinetic parameters.
These observations are all fully consistent with 1) cholesterol binding to CHOL1 stabilizing an outward-facing conformation with lower substrate affinity and 2) cholesterol unbinding from CHOL1 stabilizing an inward-facing conformation with higher substrate affinity (see Fig. 8 ). The interplay between cholesterol binding and unbinding in relation to the molecular mechanism of the transport cycle prompted us to combine these observations into a model that accounts for our observations (see Fig. 8 ).
We know that the rate-limiting step in the transport cycle for hSERT is the transition from an inward-facing conformation, where K ϩ is bound and the empty substrate site is filled by Leu-99 (32, 33) , toward the outward-facing conformation; cholesterol binding to CHOL1 appears to accelerate this transition (In apo,chol 3 Out apo,chol in Fig. 8) . Conversely, the unsaturated state of the CHOL1 suggests a dynamic equilibrium between cholesterol binding and unbinding that allows a second pathway in the transport cycle where hSERT without bound cholesterol in CHOL1 but with substrate, Na ϩ , and Cl Ϫ bound can transition faster from the outward-facing to the inward-facing conformation (Out 5HT 3 In 5HT in Fig. 8 ). In this way, cholesterol binding and unbinding to CHOL1 may assist in lowering the energetic hilltops associated with the most important conformational changes in the transport cycle. The model accounting for the two routes is illustrated in Fig. 8 ; the route with the black arrows represents the conventional pathway that assumes constant cholesterol binding to a cholesterol site, whereas the route with the green arrows represents the additional and kinetically more favorable route supported by our data, where cholesterol is in a dynamic equilibrium with CHOL1.
The model proposed here (Fig. 8) is also fully consistent with the findings in our earlier work (15) , where the inward-facing conformation was found to possess higher affinity for 5-HT and where low concentrations of the substrate together with Na ϩ and Cl Ϫ work together to induce a more outward-facing conformation by pushing the transporter from the high-affinity In Apo to In 5HT to Out 5HT (Fig. 8 ), whereas it takes higher concentrations of 5-HT to bind to the low-affinity outward-facing conformation and push it from Out Apo,chol to Out 5HT,chol to In 5HT,chol (Fig. 8) . The model is also consistent with our earlier findings (15) that cholesterol depletion facilitates the transition from inward-facing to outward-facing conformations, which we have elaborated on in the current study. A recent molecular dynamics simulation study suggests that the CHOL1 site may be a common site shared between all monoamine transporters and that binding of cholesterol to this site could stabilize the outward-facing conformation (58) . Similar to binding of Na ϩ to sodium site(s), we therefore believe that cholesterol binding and unbinding to CHOL1 should be regarded as a binding event imposed by the local environment with integral importance for the progression of the transport cycle and thus the biological function of the hSERT.
Experimental procedures
Computational modeling
An atomistic model for hSERT (residues 74 -617) was built from its crystal structure bound to paroxetine (PDB code 5I6X Cholesterol site in hSERT (18) to which the missing side chains were added, and the protonation state of titratable residues was determined using Propka (45) , as embedded in Maestro-2016 (Schrödinger, LLC, New York). Glu-508 was protonated, and all of the other residues assumed a state as found at physiological pH. I291A, T439S, and Y110A were mutated back to the native sequence. A Martini coarse-grain model was derived from this atomistic structure (see below) using the martinize script (47) . The cysteine bond between Cys-200 and Cys-209 was explicitly described. The internally bound Na ϩ and Cl Ϫ ions and the substrate are not expected to affect our modeling experiments and were not included in the CG model.
The model system was hSERT embedded into a POPC membrane containing 20 mol % of cholesterol (POPC/CHOL ratio 4:1), and the system was solvated by an aqueous solution (1 hSERT, 303 POPC, and 75 cholesterol molecules, in total 13,835 beads).
All molecular dynamics simulations were performed using the GROMACS simulation package version 5.1 (48) and the Martini-2.0 CG force field for biomolecules (49, 50) and its extension 2.1 to protein (50, 51) together with the ElNeDyn approach (51, 52) . This CGMD approach (30) is well suited to study lipid binding (31, 49, 52-55). Conventional simulation setups associated with the use of the Martini force field were used (29, 30) . The system was simulated for 100 s.
For analysis, the density map of cholesterol at the surface of the protein was determined using the VolMap tool of VMD (56) using a 0.26-nm radius for the CG beads. The map is shown at a level about 4 times higher than found in the buck.
Mutagenesis and DNA purification
Site-directed mutagenesis of hSERT in the pCDNA3.1 vector was performed and validated by sequencing as described earlier (15) .
DNA for transfection of mammalian cells was produced from a clonal colony of E. coli XL10 Gold (Stratagene) cultured in 60 ml of lysogeny broth medium with ampicillin selection and purified using the PureYield Plasmid Midiprep System (Promega).
Cell culture
Human embryonic kidney cells, HEK-293-MSR (Invitrogen), were grown in monolayer culture essentially as described earlier (15) . For transfection, a complex of 0.2 g of plasmid and 0.5 l of Lipofectamine 2000 transfection reagent (Invitrogen) per cm 2 of plating area was formed in Dulbecco's modified . At this state (In 5HT ), rapid Na ϩ dissociation into the virtually Na ϩ -free cytoplasm commits hSERT to release of 5-HT into the cytoplasm (In 5HT 3 In apo ). The rate-limiting conformational transition in the transport cycle is known to be the transition from inward-facing to outward-facing (In apo 3 Out apo ), which is greatly accelerated by cholesterol binding to CHOL1 (In apo,chol 3 Out apo,chol ) (see Fig. 7E ).
Cholesterol site in hSERT
Eagle's medium and added to already adherent HEK-293-MSR cells in cell culture dishes 48 h before harvest.
Membrane preparations
48 h after transfection with hSERT, adherent HEK-293-MSR cells were harvested by scraping. In brief, cells were harvested in 50 mM Tris-base buffer (150 mM NaCl, 20 mM EDTA, pH 7.4), centrifuged at 4700 ϫ g, washed, and homogenized in Tris-base buffer using an Ultra-turrax T25 homogenizer (IKA Works, Wilmington, NC) before centrifugation at minimum 12,500 ϫ g to sediment the membrane fraction. Homogenization, centrifugation at minimum 12,500 ϫ g, and aspiration were performed twice. All steps were performed at 4°C. The membrane preparations were stored in 10 mM HEPES with 150 mM NaCl (adjusted to pH 8.0 with N-methyl-D-glucamine (NMDG ϩ )) at Ϫ20°C.
Cholesterol depletion
Membrane cholesterol was removed by the addition of methyl-␤-cyclodextrin (Sigma-Aldrich) to a final concentration of 2, 5, or 20 mg/ml in 10 mM HEPES with 150 mM NaCl (adjusted to pH 8.0 with NMDG ϩ ) and allowed to incubate at 37°C for 30 min with gentle shaking followed by centrifugation at 16,500 ϫ g at 4°C for 15 min. The supernatant with the M␤CD-cholesterol complex was removed by aspiration, and the pellet containing hSERT in cholesterol-depleted membranes was resuspended in 10 mM HEPES (150 mM NaCl, pH 8.0, with NMDG ϩ ) with an Ultra-turrax T25 homogenizer (IKA Works, Wilmington, NC) for 20 s and used immediately in the substituted cysteine accessibility method.
Determination of membrane cholesterol concentration using Amplex Red
The cholesterol content of the membranes was determined using the Amplex Red cholesterol assay kit (Molecular Probes) according to the manufacturer's instructions. In brief, a dilution series of a cholesterol standard in binding buffer was used to produce a standard curve and, along with the membranes, was incubated with the Amplex Red working solution containing cholesterol oxidase, cholesterol esterase, and horseradish peroxidase. The production of hydrogen peroxide was proportional to the cholesterol content, and the hydrogen peroxide converted Amplex Red to resorufin. After incubation for 30 min at 37°C the fluorescence was detected at 590 nm (20-nm bandwidth) after excitation at 485 nm (20-nm bandwidth) in a BioTek Flx800 fluorescence plate reader. The total cholesterol content was calculated from the linear standard curve.
SCAM
Multiscreen HTS 96-well filtration plates (Millipore) pretreated with 0.1% polyethyleneimine were used to capture homogenized membrane preparations of hSERT-transfected HEK-293-MSR cells. After membranes were bound to the filters in the filtration plates, they were subjected to at least three washing steps with 10 mM HEPES buffer (supplemented with 150 mM NaCl, pH 8.0, adjusted with NMDG ϩ ). Incubation with the ligand proceeded for at least 25 min at room temperature before MTSEA (Apollo Scientific) was added in the indicated concentrations (0.1 M to 10 mM) and incubated with the hSERT-containing crude membranes for 15 min simultaneously with ligand. At least three washes with 10 mM HEPES buffer (150 mM NaCl, NMDG ϩ -adjusted pH 8.0) terminated the MTS reaction with hSERT. To quantify residual unreacted hSERT, the membranes were then incubated with 0.1 nM [ 125 I]RTI-55 (PerkinElmer Life Sciences) for at least 60 min. At least five washes of the filters with ice-cold 10 mM HEPES (150 mM NaCl) were performed to remove unbound radioligand. The dry filters were then dissolved in Microscint20 (Packard), and bound [ 125 I]RTI-55 was quantified on a Packard Topcounter NXT scintillation counter.
Equilibrium binding
To determine the inhibitory potency of ligands and the affinity of [ 125 I]RTI-55, equilibrium binding experiments were performed on native and cholesterol-depleted membranes.
For saturation binding, membranes were incubated with increasing concentrations of [ 125 I]RTI-55 at room temperature for 60 min in binding buffer (10 mM HEPES buffer, 150 mM NaCl, pH 8.0, adjusted with NMDG ϩ ). Nonspecific binding was assessed using 200 M imipramine.
For IC 50 experiments, membranes were co-incubated with increasing concentrations of unlabeled ligand and 0.1 nM [ 125 I]RTI-55 at room temperature for 60 min in binding buffer (10 mM HEPES buffer, 150 mM NaCl, pH 8.0, adjusted with NMDG ϩ ).
The membranes with bound [ 125 I]RTI-55 were then harvested on white Unifilter GF/B filter plates (PerkinElmer Life Sciences) pretreated with 0.1% polyethyleneimine. The filters were washed three times with binding buffer. The dry filters were solubilized in Microscint20 (Packard), and bound [ 125 I]RTI-55 was quantified on a Packard Topcounter NXT scintillation counter.
Cell-based serotonin uptake assay
The uptake measurements were performed as described previously (57) .
HEK-293-MSR cells (Invitrogen) were cultured as monolayer cultures in Dulbecco's modified Eagle's medium (BioWhitaker) supplemented with 10% fetal calf serum (Life Technologies, Inc.), 100 units ml Ϫ1 penicillin, 100 g ml Ϫ1 streptomycin (BioWhitaker), and 6 g ml Ϫ1 Geneticin (Invitrogen) at 95% humidity and 5% CO 2 at 37°C. Two days before the uptake experiment, cells were detached from the culture flask with trypsin/EDTA (BioWhitaker), transfected with Midiprep DNA-Lipofectamine 2000 (Life Technologies) complex, and seeded into white tissue culture-treated 96-well microtiter plates (Nunc). Immediately before the uptake experiment was initiated, medium was aspirated, and cells were washed once with PBSCM (137 mM NaCl, 27 mM KCl, 4.7 mM Na 2 HPO 4 , 1.2 mM KH 2 PO 4 , 0.1 mM CaCl 2 , 1 mM MgCl 2 , pH 7.4). Cells for determination of nonspecific uptake were preincubated with 200 M imipramine for 30 min, whereas cells for determination of total uptake were incubated with PBSCM. Uptake was initiated by the addition of 40 l of a dilution of the [ 3 H]5-HT mixed with unlabeled 5-HT in a 1:10 ratio. Uptake was terminated Cholesterol site in hSERT after 10 min by aspiration and washing with PBSCM. All wash steps were done on a Bio-Tek Instruments ELx50 automatic strip washer. 50 l of Microscint 20 (Packard) was dispensed into each well, resulting in cell lysis and release of accumulated radiolabeled substrate from the adherent cells, allowing direct quantitation on a Packard Topcounter. Uptake data were fitted to Michaelis-Menten kinetics by nonlinear regression analysis using the built-in tools in Prism version 5 (GraphPad Software).
Quantification of cell-surface hSERT
HEK-293-MSR cells (Invitrogen) were cultured as monolayer cultures in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% fetal calf serum (Life Technologies), 100 units/ml penicillin, 100 g/ml streptomycin (Sigma), and 6 g/ml Geneticin (Apollo Scientific) at 95% humidity and 5% CO 2 at 37°C. Cells were detached from the culture flask with trypsin/EDTA (Sigma) seeded into clear tissue culture-treated 6-well microplates (Cellϩ, F, Sarstedt) and allowed to adhere. After 24 h, the cells were transfected with Midiprep DNA in complex with Lipofectamine 2000 (Life Technologies) and incubated for 48 h. Before biotinylation, the transfected HEK-293-MSR cells were washed three times with ice-cold PBSCM (137 mM NaCl, 27 mM KCl, 4.7 mM Na 2 HPO 4 , 1.2 mM KH 2 PO 4 , 0.1 mM CaCl 2 , 1 mM MgCl, pH 7.4) and then incubated with 1.0 mg/ml EZ-Link Sulfo-NHS-SS-biotin (ThermoScientific) in PBSCM for 45 min on ice with gentle agitation. The biotinylation reaction was quenched by washing the cells three times with ice-cold quench buffer (100 mM glycine in PBSCM) and incubated for an additional 30 min in quench buffer on ice. Cells were washed three times with PBSCM before being lysed in lysis buffer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1ϫ Complete EDTA-free proteinase inhibitors (Roche Applied Science)) for 45 min. The lysate was centrifuged and incubated with NeutrAvidin UltraLink Resin (ThermoScientific) for 1 h at room temperature. Beads were washed three times in lysis buffer, and the bound (biotinylated) proteins were eluted in SDS sample buffer with DTT (125 nM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 0.02% bromphenol blue, and 125 mM dithiothreitol) at 50°C for 15 min. The samples were separated on a NuPAGE 10% BisTris gel (Life Technologies) with the NuPAGE MOPS SDS Running Buffer (Life Technologies), transferred to a 0.2-m nitrocellulose membrane (Bio-Rad) using the Trans-Blot Turbo TM Transfer Pack (Bio-Rad). The membrane was probed with primary antibodies (goat anti-SERT (C-20), Santa Cruz Biotechnology, Inc. (sc-1458), 1:1000 dilution; rabbit anti-␤-actin, LI-COR Biosciences (926-42212), 1:3000 dilution) overnight at 4°C, followed by incubation with the appropriate IRDye-conjugated secondary antibody (IRDye 680RD donkey anti-rabbit and IRDye 800CW donkey anti-goat IgG, LI-COR Biosciences (925-68073/925-32212, 1:10,000 dilution) for 1 h at room temperature. Infrared signals were detected using the Odyssey CLx infrared imaging system (LI-COR), and bands were quantified using Image Studio software (LI-COR Biosciences).
